The shock Hugoniot of single crystal copper is reported for stresses below 66 GPa. At the lowest stresses, the sound speed in Cu was extracted from the PDV data. The measured sound speeds are in agreement with values calculated from the elastic constants for Cu.
I. INTRODUCTION
Material response to a uniaxial shock wave is a well studied area with a long history.
From this large body of work, we have a great understanding of the bulk response of many materials over a very broad range of stresses and strains. Despite this knowledge, many processes that take place at the crystal lattice and atomic level are still not understood.
The elastic-plastic response of materials, defects and deformation, and crack propagation are just a few examples of open questions. A common assumption in the study of constitutive material response is that the material responds isotropically. The vast majority of shock wave experiments have used polycrystalline materials and the assumption of isotropic response is natural. In monocrystalline materials larger than single crystallite and highly textured materials, the assumption of isotropic response cannot be made. Unlike polycrystalline materials, there is a relative dearth of data on shocked single crystal materials beyond a handful of covalently bonded materials like LiF [1] . How material response is affected by uniaxial compression along specific crystal orientations has been an open question.
A highly anisotropic material is expected to exhibit strong directional dependence in its shock response. Cu is an example of a anisotropic solid that has been the subject of some recent interest because of the large anisotropy ratio, A = 2c 44 /(c 11 -c 12 ) = 3.21, as calculated from the elastic stiffness constants, c ij . Using simple arguments, Bringa and co-workers suggested that a strong crystal orientation dependence would appear in both the elastic and plastic waves in Cu [4] . Using molecular dynamics (MD) simulations, Bringa et al [4] show a distinct deviation of the Hugoniot from the experimental polycrystalline data of Mitchell et al [6] . The calculated Hugoniot curves (shock velocity, U s , versus mass velocity, U p ) for the three crystalline directions investigated converge to the polycrystalline curve with increasing U p but show distinct deviations from the linear fit of the polycrystalline data at lower values of U p . Similar results were reported by Germann et al [5] using a slightly different computational approach. In both cases, the strongest deviations were found in the In this paper, we report the measurement of the shock Hugoniot of single crystal copper along three different crystal orientations. These experiments were performed in the range of stresses between 9 and 67 GPa that corresponds to the regime predicted by the two simulation studies to exhibit strong orientation dependence. The upper end of that stress range was chosen to overlap the lowest stresses measured on polycrystalline Cu [6] .
II. EXPERIMENT
The reported Hugoniot measurements are based on the method of Mitchell and Nellis [2, 3] . In this method, a Cu impactor is launched at a target consisting of a two-plane stepped "top hat" made from the same Cu as the impactor. The impactor and "tophat" target pair for each experiment were made from the same orientation of single crystal copper, ex.
[100] impactor and [100] "tophat". Thus, the longitudinal orientation of the impactor and target are matched. However, no attempt was made to match the orientation in the transverse direction. Since this is a symmetric impact experiment, the particle velocity is determined directly from the impactor velocity, U p =U I /2. The shock velocity is determined by the shock transit time between the two planes of the top hat target and the distance between the target planes. For direct impact experiments that produce steady waves, U s = ∆x/∆t.
In the original work of Mitchell and Nellis [2, 3] , anodized shorting pins and piezoelectric pins were used as time-of-arrival detectors. For the range of stresses of interest in this study, the shock pressure is too low in the anodized pins for a closure that is both reliable and with a sub-nanosecond rise time. The piezoelectric pins do not have a sufficiently fast rise time to give an accurate determination of the shock transit time. To measure the shock transit time in the Cu specimen, we adapted the heterodyne velocimetry technique [7] into a high fidelity arrival time detector. The high bandwidth detectors and digitizers used in the heterodyne velocimetry system gives temporal resolution down to 100 ps. This is a significant improvement over the temporal resolution of the best trigger pins.
[100], [110] , and [111]-oriented, single-crystal copper specimens of radii 8.5 mm (top plate) and 12.2 mm (bottom plate) are machined flat and parallel to 2 µm. The nominal thickness of the bottom plate was 2 mm while the nominal thickness of the top plate was 1.5 mm. One side (non-impact) received a thin (0.5 µm) gold coating to obtain optimum light return into the heterodyne probe system [7] . They are bonded together using Stycast c 1266 and combined heights before and after bonding are monitored to ensure that the top-hat geometry does not have any significant errors due to the bond layer. Stack heights after bonding differed from the combined dimensions of the two plates by 0.5 µm. Impactors for each target assembly were machined from the same single crystal starting material with matching crystal orientation and a nominal radius of 28.6 mm and thickness 1.5 mm. The initial densities of the projectile and target are measured to within 0.1% using their weights in air and water with appropriate corrections for the thermal expansion coefficient of the material.
Shock arrival times are recorded around two circular arrays of six detectors spaced 60
• apart as described in Ref. [2] . The inner circle (5.5 mm radius) probed the top plane and the outer circle (10 mm radius) probed the bottom plane. In addition, the shock arrival time at the center point on the bottom plane also is recorded through a hole machined into the top plate (see Fig. 1 ). Arrival times are recorded using heterodyne velocimetry [7] . In heterodyne velocimetry, beat signals are generated between the Doppler-shifted light reflected from a moving surface and the original unshifted light. A high speed photo detector converts the optical beat pattern to a corresponding electrical signal. The shock arrival times are examined for consistency as described in Ref. [3] . In gas gun experiments, the projectile is susceptible to small tilt (∼1
• ) and parabolic distortion [3] .
Intersection of a shock wave generated with a tilted projectile and the circular array detectors produces a sinusoidal functional form as shown in Fig. 3 . The deviation from the sine functional form can be used to assess the quality of the arrival time data. In most cases, the residuals are within ± 200 ps (< 0.1%), better than the results obtained with conventional electrical pin systems and small compared to the shock transit time between the bottom and top planes (340 -460 ns). The spot size of the optical probes was typically less than 30 µm which minimizes the effect of projectile tilt on the rise time of the heterodyne signal.
Average shock arrival time in each plane is derived using the results from the circular array of detectors as described in Ref. [2] . Shock transit time is calculated from these values and a parabolic distortion correction, calculated from the data, is applied to account for the projectile distortion. Shock velocity is calculated using the top plate thickness and shock transit time. Actual measured values of the plate thickness (with an accuracy of ± 0.5 µm) at probe locations are used in these calculations. Projectile velocity before impact is measured using flash X-ray images of the projectile in transit at two locations.
III. ANALYSIS
The U s -U p data for the three crystal orientations of Cu are shown in Fig. 4 . The single crystal data from this study are plotted against the previous polycrystalline data of Mitchell et al for comparison [6] . The inset shows the current single crystal data in comparison to the polycrystalline data of Mitchell et al. The error bars for the single crystal data are obtained using the error analysis as described in Ref. [2] . For the majority of the data in this study, the resulting error bars are less than the size of the marker in the plots. Several of the data points near U p ∼0.92 km/s have larger error bars and more scatter. For two of the points, this was due to one or more lost detector channels. Also, these data points were the first experiments in this study and improvements were made in the target assembly and probe alignment after these initial experiments resulting in less scatter. However, the deviation from the polycrystalline EOS for shots 1411 and 1475 (both [100] orientation) are possibly statistically significant and bear further investigation. The data in Fig. 4 and Fig. 5 are summarized in Table I . For these experiments, the transverse orientation of the Cu projectile was not matched to that of the target (i.e. the projectile was not keyed to the target). We do not expect the transverse orientational mismatch between projectile and target to change the results although this point may need to be tested at some later date.
The Hugoniot data shown in Fig. 4 and 5 show that the Hugoniots for all three crystal orientations show no dependence on the orientation and are in agreement with the polycrystalline Cu Hugoniot. The solid line in Fig. 4 is a linear fit to the polycrystalline data, and the single crystal data from this study fall exactly on that line within the error bars of the experiment. One can conclude that the dynamic response of single crystal Cu is indistinguishable with that of polycrystalline Cu. Our results are consistent with the laser driven shock experiments on single crystal Cu shocked along the (200) axis [8, 9] to an equivalent hydrostatic stress of 180 kbar. The laser shock experiments used x-ray diffraction showed compression in all directions consistent with that of hydrostatic compression. The transition time from elastic compression to plastic flow was estimated to be of order 10-100 ps [8] . The fact that our data seems indistinguishable from the polycrystalline data is consistent with a rapid relaxation of Cu to the hydrostat.
Our experimental results disagree with the predictions of both molecular dynamics simulations studies [4, 5] . that the average spot size of the probes for these experiments is less than 30 µm. One conjecture is that we are observing microstructural differences between the different probe positions since the probe area is sufficiently small. If we average all of the velocity profiles on a given shot, the average velocity profile is consistent with previously reported Cu profiles under similar loading conditions [11, 12] . Some of the observed behavior could be attributed to radial edge releases since the probe placement was not chosen to maintain 1D compression for any appreciable duration of time at the probe locations. There are interesting aspects of the spall behavior in the single crystal samples we studied. A full and detailed analysis of the velocity profiles is beyond the scope of this current study but suggests some interesting behavior.
IV. CONCLUSION
In summary, we have measured the Hugoniot of single crystal copper along three different 
